1. Introduction {#sec1}
===============

Ginseng has long been used as a tonic, prophylactic and restorative agent for thousands of years in ancient China and Korea [@bib1]. Ginsenoside, a metabolite of ginseng and a class of triterpenoid saponins, is the main active constituent of ginseng [@bib2]. Over 150 natural ginsenosides have been identified, which are classified along with different aglycones into the two major types of dammarane and leonine [@bib2]. With increased empirical observations, many pharmacological effects have been proven [@bib1], for example, ginsenosides could increase learning ability, protect cerebral damnification, and improve comprehension efficiency [@bib3], [@bib4], [@bib5]. Saponins from Korean Red Ginseng exhibited a potent anti-inflammatory activity under *in vitro* and *in vivo* inflammatory conditions [@bib6], [@bib7] and promoted breast cancer cell apoptosis [@bib8]. The anticancer activity of ginseng saponins is correlated with the number and position of hydroxyl groups on the dammarane skeleton, number of sugar molecules, and stereoselectivity [@bib9].

Recent extensive pharmacokinetic studies have shown that ginsenosides possess very poor oral bioavailability (\< 5%) because of their poor oral absorption [@bib10]. Rb1, Rb2, Rd, Rc, Re and Rg1, constitute more than 90% of total ginsenosides in normal ginseng extract [@bib11]. Rb, the most abundant ginsenoside, can be easily converted into more pharmaceutically potent minor ginsenosides, such as Rh2 ([Fig. 1](#fig1){ref-type="fig"}), compound K, and PPDol, through the hydrolysis of its sugar moieties by gastric acid or microorganisms in the stomach or enteric canal [@bib11], [@bib12].Fig. 1Chemical structures of two ginsenosides. (A) (20S) G-Rh2. (B) (20R) G-Rh2.Fig. 1

Human serum albumin (HSA), a product of the liver, is the main compound of blood. HSA contributes to many important physiological functions, such as colloidal oncotic blood pressure and the maintenance of blood pH. HSA is also a transport protein with vitamins, nutrients, toxic substances and hydronium. HSA has a long half-life of 18 days in the circulatory and lymphatic systems. Structurally, HSA is a 585 amino-acid protein, a product of three series-wound gene duplications. These three homologous domains fuse to form a predominantly alpha-helical heart-shaped molecule ([Fig. 2](#fig2){ref-type="fig"}A) that is highly cross-linked by 17 disulfides. Each domain consists of two subdomains, A and B. Several small-molecule binding sites exist in HSA, especially sites I and II ([Fig. 2](#fig2){ref-type="fig"}A) [@bib13], [@bib14], [@bib15], [@bib16]. HSA also binds a wide variety of drug molecules, and albumin--drug binding is important in our understanding of the pharmacokinetics and pharmacological effects of drugs [@bib15], [@bib17]. Bovine serum albumin (BSA), the counterpart of HSA, has a similar sequence, structure, and almost the same physiological functions in bovine blood ([Figs. 2](#fig2){ref-type="fig"}B--2D) [@bib18]. Dozens of HSA-delivering drugs are currently being used in clinical trials or are being developed [@bib19]. HSA nanoparticles are a new drug-delivery system with a number of important benefits, such as preferential uptake in tumor or inflamed tissue, high stability, high biodegradability, ready availability, and lack of toxicity and immunogenicity [@bib20], [@bib21], [@bib22].Fig. 2Crystal structures and sequence. (A) Indicating the subdivisions of HSA into domains (I-III) and subdomains (A, B). (B) Indicating the subdivisions of BSA into domains (I-III) and subdomains (A, B). (C) Structure aligned between HSA and BSA. (D) Sequence aligned between HSA and BSA. Atomic coordinates were obtained from the PDB (4IW1 and 4OR0). The illustration was made with Discovery Studio (version 4, BIOVIA, USA). The picture was drown according to reference [@bib13]. BSA, bovine serum albumin; HSA, human serum albumin.Fig. 2

About 20 kinds of ginsenosides are absorbed through the oral consumption of ginseng, and these ginsenosides are transformed into several cytotoxic compounds such as G-Rh2, G-Rg3, compound K, and PPDol in the stomach and intestinal tract. However, little damage has been found in people who have taken ginseng. In the current study we screened cellular targets of G-Rh2 with the human liver cancer cell cDNA library by phage display technology. HSA was one of the target proteins screened out with the highest binding rate. We also experimentally demonstrated the interaction of G-Rh2 with both HSA and BSA by fluorescence spectroscopy and showed that interaction of HSA or BSA with G-Rh2 remarkably reduced its cytotoxic effect.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

(20S)-Rh2 and (20R)-Rh2 were obtained from Abcam (Cambridge, MA, USA). Amino polyethyleneglycol-polyacrylamide copolymer (PEGA) resin and T7 Select Human Liver Tumor cDNA phage library were purchased from Millipore (MA, USA). 4-Nitrophenyl bromoacetate was purchased from Alfa Aesar (MA, USA). Dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), and BSA were purchased from Sigma--Aldrich (St. Louis, MO, USA). Recombinant HSA was purchased from Healthgen Biotechnology Ltd. (Wuhan, China). Primer synthesis and sequencing were provided by Sangon Biotech (Shanghai, China). Newborn calf serum and Dulbecco modified Eagle\'s medium (DMEM) were purchased from Gibco (Life Technologies, Grand Island, NY, USA). Antibody against poly (adenosine diphosphateribose) polymerase (PARP) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The electrogenerated chemiluminescence revelation system used was from TransGen Biotech (Beijing, China).

2.2. Methods {#sec2.2}
------------

### 2.2.1. Preparation of Rh2-PEGA beads {#sec2.2.1}

G-Rh2 was immobilized onto amino PEGA beads (Millipore) [@bib23]. In a typical procedure, 750 mg of PEGA beads were swelled, washed three times with pyridine, and mixed with 0.33 mmol equivalents (to the amino group loaded on the beads, 0.4 mmol/g) of 4-nitrophenyl bromoacetate (Alfa Aesar). The beads were stirred at room temperature for 3 h, filtered, and washed three times with ∼10 mL each of dichloromethane (CH~2~Cl~2~), MeOH, and N, N-dimethylformamide (DMF). Then, the brominated PEGA beads were mixed with 0.3 mmol equivalents of (20S) G-Rh2 or (20R) G-Rh2, and 0.3 mmol K~2~CO~3~ in DMF. The mixture was stirred at room temperature for 3 days, filtered, and washed three times with ∼10 mL each of CH~2~Cl~2~ and MeOH. The Rh2-immobilized PEGA beads were stored in MeOH, and before use, the beads were centrifuged and washed three times with an appropriate buffer.

### 2.2.2. Phage display screening {#sec2.2.2}

According to the manufacturer\'s instructions and published article [@bib23], phage display screening was performed using a T7 Select Human Liver Tumor cDNA phage library (Millipore). The original library was first amplified by infecting host cells. The amplified library was precleared by incubating 1 mL of T7 phage (∼10^11^ pfu/mL) with 100 μL of native PEGA-beads at 4°C overnight. The amplified precleared phage suspension (800 μL) was incubated with 200 μL of S-beads or R-beads at 4°C overnight and washed with 1 mL of TBST buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.1% TWEEN-20) 10 times. The beads were incubated with 200 μL of elution buffer (1% sodium dodecyl sulfate) for 30 min at room temperature by shaking gently. Eluted fractions (5 μL) were inoculated into 5 mL of *Escherichia coli* BLT5615 (Millipore) host bacteria cells and incubated for about 3 h at 37°C. Phage-infected cells were mixed with NaCl to a final concentration of 0.5 M and then centrifuged at 800*g* for 5 min. Supernatants containing phage particles were used for the subsequent biopanning step. Phage titers for each biopanning step were evaluated by counting pfu/mL according to the manufacturer\'s protocol (Millipore).

### 2.2.3. Sequence analysis of selected phage recombinants {#sec2.2.3}

After the final biopanning step, phages were diluted to obtain an individual plaque. About 100 μL of lysis buffer (10 mM EDTA, pH 8.0) was placed in a tube, which was heated at 65°C for 10 min, and then briefly vortexed. The solution was cooled to room temperature and centrifuged at 12,000*g* at 4°C for 3 min to clarify. The lysate served as the template to perform polymerase chain reaction (PCR) with the primers 5′-GGAGCTGTCGTATTCCAGTC-3′ and 5′-AACCCCTCAAGACCCGTTTA-3′. The thermal cycler program was 1 cycle at 95°C for 5 min, followed by 40 cycles at 95°C for 30 s, 58°C for 90 s, 72°C for 100 s and final extension at 72°C for 10 min. After sequencing, data were aligned to the National Center for Biotechnology Information to identify DNA and protein.

### 2.2.4. Cell culture {#sec2.2.4}

HepG2 cells were grown in DMEM supplemented with 10% (V/V) heat-inactivated newborn calf serum, 100 μg/mL of streptomycin, and 100 U/mL of penicillin at 37°C in a humidified atmosphere with 5% CO~2~ in saturated humidity.

### 2.2.5. MTT assay {#sec2.2.5}

Exponentially growing HepG2 cells were seeded into a 96-well plate at 1 × 10^4^ cells/well in triplicate. HSA and BSA were diluted to a concentration of 33.6 mg/mL with DMEM medium to be a substitute for newborn calf serum (containing 33.6 mg/mL BSA). After incubation for 20 h, cells were treated with 7.5 μg/mL (20S) G-Rh2 mixed with different concentrations of albumin supplied by HSA, BSA and newborn calf serum for 48 h. At 44 h post-treatment, 20 μL of MTT (5 mg/mL; Sigma) was added to each well, and the plate was incubated for 4 h. Then, 150 μL of dimethyl sulfoxide was added to each well to solubilize the formazan crystals formed by viable cells, and color intensity was measured at 550 nm with a microplate reader (TECAN, Männedorf, Switzerland).

### 2.2.6. Immunoblotting analysis {#sec2.2.6}

The cells were washed with ice-cold phosphate buffered-saline and solubilized in a lysis buffer containing 20 mM Tris with a pH of 7.4, 1% NP-40, 150 mM NaCl, 2 mM MgCl~2~, 1 mM dithioreitol, 0.5% Triton X-100, 1 mM EGTA, 25 mM NaF, 1 mM Na~3~VO~4~, 50 mM β-glycerol phosphate, 2 mg/mL leupeptin, 2 mg/mL pepstatin A, 2 mg/mL antipain, and 1mM PMSF for 1 h on ice. After centrifugation at 12,000*g* for 15 min, 50 μg of soluble protein from each sample was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by electrotransfer onto a polyvinylidene difluoride membrane (Millipore). The membrane was blocked with 5% nonfat milk in phosphate-buffered saline with 0.1% Tween 20 and probed with antibodies. The membrane was washed, incubated with horseradish peroxidase coupled with antimouse immunoglobulin G (IgG) (Pierce, Rockford, IL, USA), and detected with an electrogenerated chemiluminescence revelation system (TransGen Biotech).

### 2.2.7. Fluorescence spectroscopy {#sec2.2.7}

To confirm the interactions of HSA and BSA with G-Rh2, fluorescence spectroscopy was performed. HSA and BSA concentrations were fixed at 1 μM, transferred into a quartz cell with 1 cm length path, and titrated manually through successive additions of 1 mM G-Rh2 at 10 min time intervals. Spectra were recorded within the wavelength range of 290--450 nm, with excitation set at 280 nm, excitation bandwidth set at 5 nm, and emission bandwidth set at 5 nm at 293 K, 298 K and 303 K. Each spectrum was the mean of at least three scans.

### 2.2.8. UV-Visible absorption spectroscopy {#sec2.2.8}

UV-Visible (UV-vis) measurements in the presence and absence of G-Rh2 were conducted in the range of 250--450 nm at 298 K on UV-2550 spectrophotometer equipped with 1.0 cm quartz cells. HSA and BSA concentrations were fixed at 25 μM, while the G-Rh2 concentration was fixed at 50 μM. Following addition of HSA or BSA and G-Rh2, the solution was equilibrated for 5 min, and absorbance values were recorded thereafter.

### 2.2.9. Virtual screening and docking {#sec2.2.9}

Virtual screening was conducted using the software AutoDock (version 4.2.6) based on Lamarckian Genetic Algorithm (Scripps Research Institute, La Jolla, CA, USA) according to the manual handbook and other publications. This software uses a sophisticated gradient optimization method in its local optimization procedure. The target used in our study was the crystal structures of HSA and BSA from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (<http://www.rcsb.org/pdb>). The predicted complexes were optimized and ranked according to the empirical scoring function, Screen Score, which estimates the binding free energy of the ligand--receptor complex. The most stable distinguished conformation with the minimal binding energy was shown using Discovery Studio 4.0 Visualizer (BIOVIA, CA, USA).

### 2.2.10. Statistical analysis {#sec2.2.10}

All values were performed in triplicate and expressed as mean ± standard deviation with Microsoft Office 2013 and imaged with Sigmaplot 10 (Systat Software Inc., San Jose, CA, USA). A Student *t* test was used for quantitative analysis, and the significant difference is shown as \*\**p* \< 0.01 and \*\*\**p* \< 0.001.

3. Results and discussion {#sec3}
=========================

3.1. Synthesis of G-Rh2 beads and target screen {#sec3.1}
-----------------------------------------------

For the comprehensive identification of G-Rh2 cellular targets, we coupled (20S/R) G-Rh2 to amino polyethyleneglycol-polyacrylamide copolymer beads (PEGA beads, Millipore) after activation with 4-nitrophenyl bromoacetate. This method resulted in (20S/R) G-Rh2 being coupled to the beads through either one of six hydroxyl in the two molecules, exposing different faces of G-Rh2 to proteins ([Fig. 3](#fig3){ref-type="fig"}A). The (20S)-Rh2-loaded beads (S-beads) or the (20R)-Rh2-loaded beads (R-beads) were used to screen, in parallel, the human liver cancer phage display cDNA library (Millipore). Based on the stereoselectivity and activity of each hydroxyl, we deduced that the --OH at C6 is the most likely site and that the beads may be a mixture of different C-linked PEGA with C6-O-PEGA as a main component.Fig. 3Synthesis of Rh2 beads and phage display outline. (A) Scheme for the chemical synthesis of S- and R-beads (blue). The coupling of Rh2 to the beads occurred at the end of a polyethylene glycol linker (PEGA beads). Depending on the Rh2 hydroxyl group participating in the coupling to the phenyl bromoacetate group, S- and R-beads may consist of a combination of six products. (B) Schematic of the biopanning steps in the screening of a phage display cDNA library generated from human liver tumor cell mRNA. Five rounds of biopanning (5×), each including binding to the beads, washing, elution and amplification, were performed in parallel using S- or R-beads.Fig. 3

Five rounds of biopanning with S- and R-beads were performed in parallel. After the final selection, phages were collected ([Fig. 3](#fig3){ref-type="fig"}B), amplified, gradually diluted, and infected with *E. coli* BLT5615. DNA from a monocolony of phages was used to perform PCR amplification and sequencing. As shown in [Table 1](#tbl1){ref-type="table"}, from over 500 PCRs, we obtained 94 human cDNA containing phages screened by S-beads, and these phages encoded 46 different kinds of proteins. About 16/94 of the complementary DNAs (cDNA) were HSA. Meanwhile, from the R-bead screening, we obtained 136 human cDNAs containing phages encoding 65 different kinds of proteins, and 6/136 of the cDNAs were HSA.Table 1Screen of phage displayTable 1Number of clones encoding human proteinsNumber of clones encoding HSANumber of different target proteinsRate of HSA encoding phagesS-beads94164617% (16/94)R-beads1366654.4% (6/136)[^1]

3.2. Fluorescence quenching studies of HSA or BSA and G-Rh2 {#sec3.2}
-----------------------------------------------------------

Fluorescence spectroscopy is regarded as one of the most comprehensive methods of studying protein--ligand interaction. In the present work, we used fluorescence spectroscopy to investigate the interaction between HSA or BSA and G-Rh2. Protein fluorescence absorption originates from Trp, Tyr and Phe residues, whereas intrinsic fluorescence can be mainly attributed only to the Trp residue [@bib24].

The fluorescence spectra of HSA and BSA with different concentrations of G-Rh2 were determined, as shown in [Fig. 4](#fig4){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}. HSA and BSA fluorescence intensity decreased with increased G-Rh2 concentrations ([Figs. 4](#fig4){ref-type="fig"}A, 4C, and 4E), indicating that G-Rh2 interacted with HSA and BSA. The fluorescence intensity of G-Rh2 were not observed clearly at 290--450 nm (data not shown).Fig. 4Fluorescence spectroscopy of HSA or BSA with G-Rh2 (pH 7.4). (A, B) 1 μM BSA and increasing concentrations of (20S) G-Rh2. (C, D) 1μM HSA and increasing concentrations of (20S) G-Rh2. (E, F) 1μM HSA and increasing concentrations of (20R) G-Rh2. (A, C, E) Fluorescence spectroscopy at 298 K. (B, D, F) Stern--Volmer plots for quenching of HSA and BSA fluorescence by G-Rh2 at different temperatures (298 K, 303 K and 308 K). λ~ex~ = 280 nm, λ~em~ = 300--450 nm. BSA, bovine serum albumin; G, ginsenoside; HSA, human serum albumin.Fig. 4Table 2The results of fluorescence quenchingTable 2Temperature\
(K)*K*~*SV*~\
(10^4^ M^−1^)*k*~*q*~\
(10^12^ M^−1^ s^−1^)K\
(10^5^ M^−1^)*n*BSA: (20S) G-Rh22987.34707.34703.6157631.132930311.670311.67031.4259361.01923089.28489.28480.6463980.9702HSA: (20S) G-Rh22984.95784.95785.4588351.20273036.51176.51173.501871.14493087.25107.25101.8539581.0786HSA: (20R) G-Rh22984.51204.51202.0630041.1313036.90166.90161.4507751.06263087.27517.27510.8663631.0284[^2]

Fluorescence quenching could be distinguished by collision and static quenching, whereas higher temperature could result in strong collision quenching [@bib24]. The maximum scatter collision quenching constant reported for various kinds of quencher to a biopolymer is 2 × 10^10^ mol^−1^ s^−1^ [@bib25].The *K*~*sv*~ and *k*~*q*~ can be calculated as in Eq. [(1)](#fd1){ref-type="disp-formula"} [@bib26], below:$$\ {F_{0}/F} = 1 + K_{SV}\left\lbrack Q \right\rbrack = 1 + k_{q}\tau_{0}\left\lbrack Q \right\rbrack$$where *F*~0~ and *F* are the steady-state fluorescence intensities in the absence and presence of quencher, respectively; \[*Q*\] is the concentration of quencher; *k*~*q*~ is the quenching rate constant of biomolecule; τ~0~ is the average lifetime of the protein without the quencher and is of the order, 10^−8^ s [@bib27]; and *K*~*sv*~ is the Stern--Volmer dynamic quenching rate constant.

Meanwhile, in static quenching, if similar and independent binding sites in the biomolecule were assumed, the binding constant and number of binding sites can be calculated as in Eq. [(2)](#fd2){ref-type="disp-formula"}, below:$$\text{lg}\frac{F_{0} - F}{F} = \text{lg}K + \text{nlg}Q$$where *F*~0~ is the fluorescence intensity of HSA or BSA, *F* is the fluorescence intensity of HSA or BSA with G-Rh2, and *Q* is the corresponding concentration of G-Rh2.

To confirm the quenching mechanism, we detected the *k*~*q*~ values at different temperatures. As shown in [Figs. 4](#fig4){ref-type="fig"}B, 4D, and 4F, and in [Table 2](#tbl2){ref-type="table"}, with the temperature increasing, the *k*~*q*~ and *K*~*SV*~ increased. This result suggested the quenching mechanism is dynamic quenching, however all the *k*~*q*~ values were much larger than the maximum scatter collision quenching constant, 2 × 10^10^ mol^−1^ s^−1^. Thus, the quenching mechanism could be assumed to be due to static quenching, a new complex formation between G-Rh2 and HSA or BSA, rather than dynamic collision, if any. The number of binding sites was one in both (20S) G-Rh2 and (20R) G-Rh2. The binding constants of (20S) G-Rh2 and (20R) G-Rh2 with HSA were 3.5 × 10^5^ M^−1^, and 1.5 × 10^5^ M^−1^, respectively at 298K. The binding constants of (20S) G-Rh2 and BSA was 1.4 × 10^5^ M^−1^ at 298K.

3.3. UV-Vis absorption spectra {#sec3.3}
------------------------------

To further confirm the interaction status between BSA or HSA with G-Rh2, a UV-Vis absorption spectra was performed. UV-Vis absorption measurement is a simple and pertinent method that is used to investigate the secondary structural changes of proteins and to explore complex formations [@bib28]. As shown in [Fig. 5](#fig5){ref-type="fig"}, the absorptions were significantly increased with a slight blue shift of the maximum absorption wavelength of BSA or HSA by adding the G-Rh2, indicating the exact binding of the G-Rh2 and BSA or HSA, and an increase of hydrophobicity for the light emitting residue.Fig. 5UV-Vis absorption spectra of BSA or HSA in the presence of G-Rh2 (298K, pH7.4). Effect of (20S) G-Rh2 on the UV-Vis absorption spectra. (A) BSA. (B) HSA. C~BSA~ = C~HSA~ = 25 μM; C~G-Rh2~ = 50 μM; λ = 250--400 nm. BSA, bovine serum albumin; G, ginsenoside; HSA, human serum albumin.Fig. 5

In summary, the spectrophotometric analyses collectively showed that G-Rh2 binds and interacts with both BSA and HSA.

3.4. Docking analysis {#sec3.4}
---------------------

Molecular docking was used to elucidate the interaction between HSA or BSA and G-Rh2 and to ultimately elucidate the interaction sites ([Fig. 6](#fig6){ref-type="fig"}). Results obtained by AutoDock tools (version 4.2.6, Molecular Graphics Laboratory, *The Scripps Research Institute*, La Jolla, CA, USA) presented 10 different conformations, and we selected the conformation with the lowest estimated free energy for further analysis. This analysis showed that K195, W214, R218, P339, V343, V344, K444 and C448 contributed to the interaction between (20S) G-Rh2 and HSA. Residues F205, A209, A212, K350, V342, L346, V481 and E478 were the most vital residues present in the interaction site in (20S) G-Rh2 and BSA interaction. Residues K212, V216, V235, T236, F238, D324, L327, A350 and K351 contributed to the interaction between (20R) G-Rh2 and HSA. The possible interacting model and the main residues involved in the interaction are depicted in [Figs. 6](#fig6){ref-type="fig"}D--6F. The ligand core in contact with the protein was anchored to the binding site mainly by H-bonds (in green) and hydrophobic (in pink) interaction. The binding sites were around the chromophore in the proteins, which may explain the interaction between G-Rh2 with HSA or BSA to quench the fluorescence. The estimated free energy of HSA-G-Rh2 and BSA-G-Rh2 were all negative ([Table 3](#tbl3){ref-type="table"}), indicating their spontaneous interactions.Fig. 6Docking analysis. (A--C) Whole views of binding sites. (D--F) Details of binding sites. (A, D) Visualization of BSA and (20S) G-Rh2. (B, E) Visualization of HSA and (20S) G-Rh2. (C, F) Visualization of HSA and (20R) G-Rh2. The enlargement of ligand in the binding site is shown. H-bonds are depicted by green dashed lines, and hydrophobic interactions are depicted by purple dashed lines. BSA, bovine serum albumin; G, ginsenoside; HSA, human serum albumin.Fig. 6Table 3Docking resultsTable 3NameEstimated free energy of binding (kcal/mol)Estimated inhibition constant, Ki (298.15 K)HSA:(20S) G-Rh2−6.6513.29 μMHSA:(20R) G-Rh2−6.2824.81 μMBSA:(20S) G-Rh2−5.23147.2 μM[^3]

3.5. Albumin inhibited the cytotoxic activity of (20S) G-Rh2 {#sec3.5}
------------------------------------------------------------

Previous studies have shown that adding serum to culture medium remarkably reduces the cytotoxic activity of (20S) G-Rh2 [@bib29], [@bib30]. Thus, the impaired cytotoxic effect of (20S) G-Rh2 by serum may result from the interaction between BSA and (20S) G-Rh2. To examine this possibility, MTT assay was carried out with the same concentration of serum albumin (SA) by adding free HSA, BSA and bovine serum to (20S) G-Rh2, which was contained in culture medium. As shown in [Fig. 7](#fig7){ref-type="fig"}A, treatment of 7.5 μg/mL (20S)-Rh2 without SA killed almost all cells, but with increased concentration of albumin by adding HSA, BSA or bovine serum, cell viabilities significantly increased in an albumin-dose-dependent manner. Cell viabilities as influenced by HSA and BSA were similar and slightly increased after adding bovine serum, which may be due to the growth factors and other nutrients in bovine serum that could increase cell growth and proliferation. As shown in [Fig. 7](#fig7){ref-type="fig"}B, about 7.5 μg/mL (20S) G-Rh2 without HSA, BSA or bovine serum caused the cleavage of poly-adenosine diphosphate-ribose polymerase (PARP), a substrate of active caspase-3, to yield an 85-kD fragment. However, HSA, BSA or bovine serum totally inhibited PARP cleavage, indicating that HSA, BSA or bovine serum prevented the apoptosis-inducing activity of (20S) G-Rh2. This phenomenon may explain why different IC~50~ values of (20S) G-Rh2 have been reported for the same cell lines [@bib30], [@bib31]. Humans absorb a number of cytotoxic ginsenosides including G-Rh2 by taking ginseng, but no obvious damage has been reported. This finding may be explained by the present data showing that HSA interactions with these ginsenosides including (20S) G-Rh2 downregulate their cytotoxic effect.Fig. 7HSA, BSA and bovine serum significantly reduced the cytotoxic activity of 20(S)-Rh2. (A) HepG2 cells were treated with 7.5 μg/mL 20(S)-Rh2 and increasing concentrations of SA for 48 h. Cell viability was estimated by MTT assay and expressed as the percentage of viable cells in treated and controlled samples. Data are presented as the mean ± standard deviation of experiments performed in triplicate. Student *t* test was used for quantitative analysis, and the significant difference is shown as \**p* \< 0.05, \*\*\**p* \< 0.001. (B) HepG2 cells were treated with 7.5 μg/mL (20S)-Rh2 and with or without 1.68mg/mL albumin by adding HSA, BSA or bovine serum into medium, for 4 h. The equal amounts of cell extracts were resolved by sodium dodecyl sulfate--polyacrylamide gel electrophoresis and analyzed by immunoblotting using specific antibody against PARP. BSA, bovine serum albumin; G, ginsenoside; HSA, human serum albumin; PARP, poly-adenosine diphosphate-ribose polymerase.Fig. 7

Like most active natural compounds, (20S) G-Rh2 has very low water solubility and is thus difficult to be used as a drug. Guang-Ji Wang et al [@bib32] showed that the principal factors affecting the relatively low bioavailability of G-Rh2 are: (1) low solubility; (2) little membrane permeability; (3) potent efflux transport; and (4) presystemic elimination. In their studies, the micronization of Rh2 enhanced its oral absorption, C~max~, bioavailability, short T~max~, and MRT. Micronizing decreased particle size and consequently increased dissolution rate [@bib33]. HSA, a well-known medical protein, is used to increase the solubility and transportation efficiency of clinical drugs with little toxicity. We assumed that HSA may enhance G-Rh2 solubility, bioavailability, and half time in circulation and be used as a nanoparticle to deliver these ginsenosides to tumor tissues. These possibilities should be examined in future studies.

SA is mainly produced by liver cells and secreted into the extracellular environment, however, a large amount of this protein exists in liver cells. Intracellular SA, as a G-Rh2 target protein, might mediate G-Rh2-triggered signal transductions in cells, and this possibility should be studied in future research.

In the current study, we identified HSA as a potent G-Rh2 human target by phage display technology. Both fluorescence spectroscopy and molecular docking analysis demonstrated that the interactions between HSA or BSA and G-Rh2, and the interaction of HSA or BSA with (20S) G-Rh2 resulted in the downregulation of (20S) G-Rh2 cytotoxicity.
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[^1]: HSA, human serum albumin; R-beads, (20R)-Rh2-loaded beads; S-beads, (20S)-Rh2-loaded beads.

[^2]: BSA, bovine serum albumin; G, ginsenoside; HSA, human serum albumin.

[^3]: BSA, bovine serum albumin; G, ginsenoside; HSA, human serum albumin.
